In this study, the NO x dependence of secondary organic aerosol (SOA) formation from β-pinene 2 photooxidation was comprehensively investigated in the Jülich Plant Atmosphere Chamber. 3 Consistent with the results of previous NO x studies we found increases of SOA yields at low 4 NO x conditions ([NO x ] 0 < 30 ppb, [BVOC] 0 /[NO x ] 0 > 10 ppbC ppb -1 ). Furthermore, increasing 5 [NO x ] at high NO x conditions ([NO x ] 0 > 30 ppb, [BVOC] 0 /[ NO x ] 0 ~10 to ~2.6 ppbC ppb -1 ) 6 suppressed the SOA yield. The increase of SOA yield at low NO x conditions was attributed to 7 increase of OH concentration, most probably by OH recycling in NO + HO 2 → NO 2 + OH 8 reaction. Separate measurements without NO x addition but with different OH primary production 9 rates confirmed the OH dependence of SOA yields. After removing the effect of OH 10 concentration on SOA mass growth by keeping the OH concentration constant, SOA yields only 11 decreased with increasing [NO x ]. Measuring the NO x dependence of SOA yields at lower 12 [NO]/[NO 2 ] ratio showed less pronounced increase in both; OH concentration and SOA yield. 13 This result was consistent to our assumption of OH recycling by NO and to SOA yields being 14 dependent on OH concentrations. It furthermore indicated that NO x dependencies vary for 15 different NO x compositions. A substantial fraction of the NO x -induced decrease of SOA yields at 16
reactions and thus from the changes in the distribution of oxidation products. Reaction (R1) is 1 the dominant pathway for RO 2 radicals under low-NO x conditions which leads to the formation 2 of low-volatility hydroperoxides that can participate in new particle formation (NPF) and 3 contribute to SOA mass (Johnson et al., 2005; Camredon et al., 2007) .
Under high-NO x conditions, RO 2 radicals react with NO resulting in the formation of organic 6 nitrates (R2a) which are suggested to be relatively volatile as well as alkoxy radicals (R2b) that 7 either fragment, or react to form more volatile products. This understanding implies that higher 8 NO x concentrations will suppress the formation of low volatility products, and thereby suppress 9 NPF and SOA mass formation. humidity was measured by dew point mirror (TS-2, Walz). Furthermore, a condensation particle 5 counter (CPC, TSI 3783) and a scanning mobility particle sizer (SMPS, combination of a TSI 6 3081 electrostatic classifier and a TSI 3025 CPC) were used to count the total particle number 7 greater than 3 nm and to measure the particle size distribution between 13 and 740 nm 8 respectively. The total particle mass concentration was estimated from the measured total aerosol 9 volume assuming a SOA density of ~ 1.2 g cm -3 and spherical particles. β-pinene mixing ratio in 10 the chamber was determined by gas chromatography-mass spectrometry (GC-MS, Agilent GC-
11
MSD system with HP6890 GC and 5973 MSD) and a proton transfer reaction mass spectrometer 12 (PTR-MS, Ionicon). The GC-MS and PTR-MS were switched periodically between the outlet 13 and the inlet of the chamber to quantify concentrations of β-pinene entering and exiting the 14 chamber. The OH concentration was estimated from the decay of β-pinene in the chamber (Eq.
15 2) (Kiendler-Scharr et al., 2009 Eqs. (1) and (2), V is the volume of the chamber and F is the total air flow through the chamber.
19
Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 -336, 2016 Manuscript under review for journal Atmos. SOA yields were determined as described in Mentel et al. (2009) , by calculating incremental 8 yields from the formed particle mass as a function of consumed precursor mass. However, 9 different from the procedure described in Mentel et al. (2009), here we use particle masses 10 corrected for wall losses of extremely low volatile organic compounds (ELVOC) that are direct 11 particle precursors.
12
Briefly, wall losses and losses on particles were determined for the ELVOCs. Using the 13 respective loss rates, the fraction of ELVOCs contributing to particle mass formation (dependent 14 on particle surface) and the fraction of ELVOCs lost on chamber walls were calculated. The ratio 15 of total loss rate divided by loss on particles was taken as correction factor allowing the 16 determination of the particle mass that would have been obtained if there were no wall losses.
17
Experiments with α-pinene and β-pinene verified the correction procedure for a wide range of 18 particle surfaces. The derivation of the correction method is described in detail in the 19 supplement. Note that this procedure is only valid for the chamber used in these experiments.
20
Additionally, we used another approach to determine the mass yields at steady state conditions.
21
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induction time of ~ 20 minutes, the wall loss corrected particle mass was constant as long as the 1 OH production rate was constant. This allowed determining yields using steady state 2 assumptions. Yields were determined by dividing the particle mass formed in the experiment by 3 the oxidation rate of the BVOC. At our method of [OH] determination, using the BVOC 4 consumption according to Eq. (2), and at the negligible inflow of particle mass into the chamber, 5 this equals the simple mass balance assumption: produced particle mass divided by BVOC 6 consumption (Eq. 3).
As was expected from the consistency of wall loss corrected particle masses, both procedure of 8 yield determinations led to identical results. However, the method using steady state conditions 9 had advantages since adjustments of [OH] were required during many experiments. The 10 justification to use both type of yield determinations is given in the supplement. experiments, the inflow of β-pinene (95 %, Aldrich) to the chamber was kept constant, leading to 16 initial mixing ratios of 37 ± 0.6 ppb. Initial O 3 concentration was 40 ± 5 ppb. NO 2 (Linde, 104 ± 17 3 ppm NO 2 in nitrogen) was introduced into the β-pinene air stream. Initial NO x concentrations,
18
[NO x ] 0 , in the chamber were varied between < 1 ppb and 146 ppb. The chamber was illuminated 19 with one of the HQI lamps and all the UVA lamps, resulting in an NO 2 photolysis frequency 20 (J(NO 2 )) of 4.3×10 −3 s −1 . When VOC-, NO x -and O 3 concentrations in the chamber were near to 21 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 -336, 2016 Manuscript under review for journal Atmos. Chem. Phys. Published: 27 April 2016 c Author(s) 2016. CC-BY 3.0 License. steady state, the experiment was initiated by turning on the TUV lamp resulting in OH radical 1 production. During the described experiments, a constant J(O 1 D) was maintained. Experiments 2 without NO x addition were performed between NO x experiments. In these cases, residual NO x 3 concentrations from chamber walls were below 1 ppb.
4
After initiating the OH production, β-pinene and NO x concentrations decreased due to their 5 reactions with OH radicals. The majority of the results presented in this study are from steady 6 state measurements, when all physical and chemical parameters were constant in the chamber.
7
However, for the purpose of comparison with the literature data, the initial concentration of NO x ,
8
[NO x ] 0 , and β-pinene, [BVOC] 0 , were also used here.
9
To investigate the role of NO x on SOA formation in the presence of inorganic aerosol, β-pinene 10 photooxidation/NO x experiments were repeated in the presence of seed aerosol. Seed particles 11 were generated from a 40 mg/L aqueous (NH 4 ) 2 SO 4 solution, passed through a diffusion drier 12 and then introduced into the chamber. For these experiments, the organic particle mass was 13 determined by subtracting the initial seed aerosol mass from the total particle mass. To determine the influence of NO x on SOA formation, a series of NO x experiments were 17 conducted in the JPAC in which β-pinene was oxidized in the absence of inorganic seed aerosol.
18
A summary of experimental conditions and results for the β-pinene/NO x photooxidation 19 experiments is given in Table 1 . Figure 1 shows SOA yields, calculated from wall-loss corrected concentrations we observed an increasing SOA yield with increasing NO x (Fig. 1 Therefore, as illustrated in Fig. 2 , OH concentration increased rapidly with increasing NO x , 10 reached a maximum value and then decreased gradually. In general terms this is consistent with 11 the nonlinear dependence of OH concentration on NO x level in the lower Troposphere (Ehhalt 12 and Rohrer, 1995).
13
It appeared in Fig. 2 were performed at two different OH production rates and the β-pinene concentration varied to 18 give a range of SOA mass. The detailed experimental conditions are summarized in Table 2 .
19
Two different J(O 1 D) conditions (1.9 ± 0.2 ×10 -3 s -1 and 5.4 ± 0.5 ×10 -3 s -1 ) were used to give 20 significantly different OH production rates at otherwise unchanged conditions. Figure 3 shows The OH concentrations were 4 × 10 7 -1 × 10 8 molecules cm −3 and 1. Mentel et al., (2009) and the supplement to this paper) were higher at higher OH levels (31 ± 3 5 % and 20 ± 1 % for high and low OH conditions, respectively).
6
In discussing possible reasons for the OH impact, it is crucial to consider secondary reactions. As 7 an example, the rate constant for the reaction of β-pinene + OH is higher than that of the reaction will therefore result in more nopinone consumption and, if nopinone oxidation also forms SOA 12 mass, this additional oxidation forms more SOA mass. As a result, SOA mass will be higher at After adjusting [OH] to the same level as in the NO x free experiments (Fig. 6 ), no increase in 6 SOA yield was observed and increasing NO x only suppressed SOA formation (Fig. 7) . These respectively (blue circles in Fig. 5 and Fig. 7 When using α-pinene as the SOA precursor, no increase in aerosol mass formation was observed 21 at low NO x , with only suppression of the particle mass formation and the SOA yield (Fig. 8) .
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suggests that in the absence of seed particles, the accumulation of mass was indeed limited by 1 low particle surface caused by the NO x induced suppression of NPF.
2
In the presence of seed particles and at constant [OH], the decrease in yield was only moderate.
3
This indicates that other NO x impacts such as formation of organic nitrates were moderate as 4 well. The difference between yields determined with and without addition of seed particles 5 indicates that at very small particle surface, our correction procedure underestimates wall losses 6 of precursors. This might be due to either possible differences in uptake of the ELVOC by 7 particles (mainly organic particles versus ammonium sulfate particles), or the differences in the 8 size of particles. However, the real reason for this underestimation is not known yet.
9
Our correction procedure may involve uncertainties and errors. Nevertheless, it had to be 10 applied; otherwise the NO x dependence would have been overestimated. NO x suppresses NPF 11 and thereby limits mass formation in the absence of seed particles. As both, the impacts of wall 12 losses and impacts of suppressed NPF on SOA mass formation are certainly diminished in the 13 presence of seed, we assume that the experiments with seed particles give the most reliable 14 results on direct NO x impacts on SOA mass formation from β-pinene. 
Summary and Conclusions

16
We investigated the effect of NO x on SOA formation from β-pinene photooxidation under low 17 NO x and high NO x conditions and found a very similar behaviour as that observed in other 18 studies (Pandis et al., 1991; Zhang et al., 1992; Presto et al., 2005; Kroll et al., 2006; Camredon 19 et al., 2007; Pathak et al., 2007; Chan et al., 2010; Hoyle et al., 2011; Loza et al., 2014 . These values have been adjusted for wall losses and losses on particles.
d
Particle mass concentration during steady state, assuming an SOA density of 1.2 g cm -3
. These values have been adjusted for wall losses and losses on particles. Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 -336, 2016 Manuscript under review for journal Atmos. Chem. Phys. Published: 27 April 2016 c Author(s) 2016. CC-BY 3.0 License. Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 -336, 2016 Manuscript under review for journal Atmos. Chem. Phys. The error in [NO x ] was estimated to be ± 10 % and the error in SOA yield was estimated from 8 error propagation using the sum of the systematic error, correction procedure error and error in 9
